The production of glycolytic end products, such as lactate, usually evokes the concept of a cellular shift from aerobic to anaerobic ATP generation and O2 insufficiency. In the classical view, muscle lactate must export to liver for clearance. Studies, however, indicate that lactate also forms under well-oxygenated conditions and have led investigators to postulate lactate shuttling from non-oxidative to oxidative muscle fiber, where it can serve as a precursor. Indeed, the intracellular lactate shuttle and the glycogen shunt hypotheses expand the vision to include a dynamic mobilization and utilization of lactate during a muscle contraction cycle. Testing the tenability of these provocative ideas during a rapid contraction cycle has posed a technical challenge. 
1.

INTRODUCTION
Biologists often view lactate (lac) as a hypoxia indicator and a dead-end product of glycolysis, which muscle must export to liver for clearance in the Cori cycle (Brooks et al., 2000) . From this vantage, cellular bioenergetics demarcates conveniently into non-oxidative and oxidative pathways. Without O2, glycolysis can continue to produce ATP by regenerating oxidizing equivalent through lac formation. For many, lac still implicates an O2 insufficiency (Kreutzer and Jue, 1995) .
But lac also forms in muscle under well oxygenated conditions (Brooks, 1986a) . Such observations have led investigators to question a strict correspondence of lac appearance with an anaerobic threshold (Brooks, 1986b; Gladden, 2004; Wasserman, 1987) . Indeed, radioactive tracer experiments have detected the steady state disappearance of lac in muscle and the appearance of labeled CO2. CO2 formation signals the oxidative metabolism of lac by pyruvate dehydrogenase (PDH) and tricarboxylic acid (TCA) enzymes (Stanley and Brooks, 1987; Stanley et al., 1985; Stanley et al., 1986) . 13 C NMR studies have also detected the oxidation of [3- 13 C]lac to 13 C labeled glutamate (glu) in the muscle of a perfused hindquarter model (Bertocci et al., 1997; Bertocci and Lujan, 1999) . The collective evidence has helped spawn the hypothesis that lac produced in glycolytic fibers can shuttle to oxidative muscles and become a metabolic precursor. In fact, the detection of lactate dehydrogenase (LDH) in the mitochondria has expanded the notion to include a lac shuttle between the cytosol and the mitochondria (Brooks, 2000; Brooks and Hashimoto, 2007; Passarella et al., 2014; Sahlin et al., 2002; Yoshida et al., 2007) .
Nevertheless, the biochemical mechanism underpinning lac accumulation under aerobic conditions still begs for a clarification. In 2001, a novel hypothesis emerged to rationalize aerobic lac formation as part of a dynamic glycogen flux during a muscle twitch (Shulman and Rothman, 2001) . Because NMR has detected a large energy fluctuation during each contraction, the cell must dynamically restore glycogen in order to sustain any extended period of contractions (Chung et al., 1998) . The glycogen shunt model envisions glycogen providing the immediate energy source during the millisecond contraction phase. A rapid resynthesis using glucose and lac during the extended relaxation phase replenishes the glycogen pool. Because glucose must shunt to glycogen to create the immediate energy Both the glycogen shunt and intracellular lac shuttle models, however, require a rapid mobilization and utilization of lac. Within seconds, PDH must compete effectively with LDH and alanine aminotransferase (ALT) to direct pyruvate (pyr) toward lac transport into the mitochondria or oxidative metabolism. If lac cannot mobilize rapidly and serve as a metabolic precursor in seconds, then both hypotheses become immediately invalidated.
Testing the tenability of these provocative models, however, has posed many technical challenges, because innovative methodological approaches must track in seconds the lac kinetics in the in situ muscle. We report herein the use of hyperpolarized [1- Howlett et al., 1999; Stacpoole, 1989) .
Such rapid mobilization of pyr and lac toward oxidative metabolism supports the postulated role of lac in the glycogen shunt and the intracellular lac shuttle model. The Cori cycle does not present the exclusive disposal pathway for lac formed in muscle. The report then introduces an innovative approach to measure metabolite transients, to delineate the dynamic role of lac in muscle, to provide evidence supporting two provocative models, and to stimulate a discussion about the commonly accepted function of glycolytic end products (Grieshaber et al., 1994; Kreutzer and Jue, 1997) . Figure 1 shows the time-averaged 13 C signals in rat leg muscle without and with the addition of DCA following an injection of hyperpolarized [1-13 C]lac. The spectra reflect the averaging of all transients between 0-2 min. The peak assignments are as follows: [1-13 C]lac Figure 2 shows the kinetics after injection of hyperpolarized [ 
RESULTS
DISCUSSION
Biodistribution of Lactate in Muscle
In resting muscle cells and normoxic rat blood, pyr and lac concentrations hover around 50 μM and 700 μM, respectively (Goodman et al., 1978) . In blood, recent experiments have detected 60 μM pyr in the basal state (Atherton et al., 2011) . After an injection of pH buffered and osmotically balanced 80 mM pyr, as described in the Methods section, pyr level reaches 250 μM in blood after 1 min. It remains well above 150 μM even after 10 min. Other metabolite levels (glucose, insulin, lac, TAG and NEFA) and physiological parameters, however, exhibit no significant perturbation (Atherton et al., 2011) .
Injected lac will presumably reach a similar concentration.
After addition of the hyperpolarized precursors, pyr and lac distribute first in the vasculature and in the interstitial volume, before they enter the cell via a family of monocarboxylate transporters (MCTs) or via free diffusion at high concentrations (> 10 mM) (Juel, 1991; Poole and Halestrap, 1993 In fact, the precursor signal in the vasculature will probably not contribute significantly to a non-localized spectral, since blood constitutes < 5 % of the total muscle volume. However, the interstitial and intracellular space constitutes respectively 20 % and 35 % of the total muscle volume (Boron, 2003) . So the hyperpolarized signal of the precursor reflects predominantly signals from both the interstitial and intracellular space. The hyperpolarized lac signal will increase as it distributes into the surface coil detection volume and begins to decrease as the polarization decays with apparent spin lattice relaxation time or T1 of ~40 s (Day et al., 2007) .
In muscle, MCT1 and MCT4 transporters carry the lac and pyr into the cell with a Km of 13-40 mM for L-lac and > 50 mM for pyr. MCT4 distributes evenly in all muscle fibers, but MCT1 localizes predominantly in oxidative fibers of skeletal muscle and heart muscle.
With high intensity or endurance training, MCT1 expression increases along with a 30-100 % rise in maximal rate of lac transport (McDermott and Bonen, 1993; Pilegaard et al., 1993) .
The association of MCT1 expression, distribution, and increased lac transport in oxidative muscle has implicated a role for MCT1 in the model of lac shuttle between glycolytic and oxidative muscle fibers (Gladden, 2004; Juel and Halestrap, 1999) .
The MCT transporter utilizes an ordered sequential mechanism in which a proton binds first to the transporter and then the lac anion binds (Roth and Brooks, 1990a; Roth and Brooks, 1990b) . Both lac and proton translocate across the membrane followed by a sequential release. Because the cycling of the free carrier across the membrane constitutes the rate-limiting step, monocarboxylate exchange proceeds substantially faster than net transport (Carpenter and Halestrap, 1994; Poole and Halestrap, 1993) .
Given the approximately 0.1-mM pyr and 1-mM lac in resting myocyte, the sudden arrival of 0.25 mM hyperpolarized pyr or lac and the rate-limiting step of the MCT transport, the observed hyperpolarized 13 C pyr and lac signals in muscle will have significant contributions from both exchange and net transport.
Biodistribution of the 13 C Label in the Cell
Nevertheless, the rapid 13 C labeling of the lac pool establishes a basis to map the relative enzymatic activity in the cell. Specifically the 13 C lac signal reflects initially the distribution kinetics of lac into the interstitial and intracellular volume. In muscle the nearequilibrium enzyme, LDH, catalyzes usually the conversion of pyr to lac to regenerate the requisite oxidizing equivalent (NAD + ) to sustain glycolysis. The DNP experiments show that the LDH in muscle can also catalyze rapidly the reverse reaction from lac to pyr (Bastiaansen, 2014) . Under normal physiological conditions, the cell maintains a lac/pyr ratio of approximately 10/1. The observed 13 C lac signal and its time dependent change can serve as a reference for the analysis of other metabolite pools and kinetics.
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Integrated over 2 min, the lac signal comprises 0.805 of the total 13 C carbon signal intensities in the spectra. LDH converts lac to pyr and transfers 0.034 of the total 13 C label to pyr, assuming the same T1 of the 13 C-labeled substrates. ALT catalyzes the conversion of pyr to ala, which appears to have more 13 C labeling (0.151) than pyr.
The apparent higher 13 C label flow into ala than into pyr reflects a significant contribution from exchange and does not necessarily indicate any difference in the flux through the transaminase vs. LDH. Since myocytes contain 1.3-1.5 mM of endogenous 12 C ala and only 0.1 mM 12 C pyr, the non-steady state 13 C exchange between ala and pyr will initially increase the pool of 13 C ala faster than 13 C pyr and lead to a higher signal intensity and apparent conversion rate for 13 C ala. Studies have already confirmed a significant contribution of exchange in the LDH reaction. However, an overall model has yet to emerge to factor out the exchange vs. metabolic contributions in the LDH and ALT catalyzed reactions as observed in the DNP NMR experiments (Kettunen et al., 2010) .
In contrast, the HCO3 -signal has no contribution from exchange and reflects the unidirectional flux from pyr to HCO3 -via PDH (Day et al., 2007; Kettunen et al., 2010) . In the presence of DCA, PDH activity increases markedly and redistributes the 13 C labels toward oxidative metabolism. Since DCA inhibits a pyruvate dehydrogenase kinase (PDK), which in turn stimulates PDH activity, the increase unidirectional flux from pyr to HCO3 -mimics the biochemical adaptation during muscle contraction, when energy demand and respiration increase suddenly (Howlett et al., 1999) . In contrast to lac lowering observed under normal physiological conditions, DCA in the presence of infused lac produces no significant change in the integrated lac signal as fraction of the total carbon signal (0.795).
But HCO3 -/tC increases 11 times over the control level. Moreover, the relative lac/pyr ratio shifts from 24.6 to 59.0 arising from the decreasing pyr/tC, which falls from 0.034 to 0.014.
Pyr/ala also decreases from 0.231 to 0.190 and also reflects a decreasing pool of pyr available in the conversion to ala. The observations confirm that an activated PDH can compete immediately and effectively with the near equilibrium LDH and ALT for the precursor pyr.
NAD + /NADH
The LDH enzymatic rate depends upon the turnover of a smaller NAD + and NADH nucleotide pool. Given that the cytosol and mitochondria comprise 90 % and 10 % volume, The rapid chemical exchange/metabolism of hyperpolarized lac and pyr in muscle indicates the NAD + /NADH turnover occurs rapidly and reacts with LDH to catalyze the exchange of the 13 C label and/or the conversion of substrate to net product. In skeletal muscle, LDH has no apparent limitation in catalyzing the back reaction from lac to pyr, even though the reaction produces NADH, which would limit glycolysis and glycogenolysis. Infusing hyperpolarized 13 C lac leads to the rapid appearance of 13 C pyr and 13 C ala. In essence, the DNP experiments find evidence that MCT can rapidly transport lac into the myocyte, that the LDH reaction can run rapidly in either the forward direction (pyr to lac) or the backward direction (lac to pyr), and NAD + /NADH turnover can proceed rapidly in either direction.
These observations support the feasibility of key tenets in the intracellular lac shuttle model.
Pyruvate Dehydrogenase
The relative change in the pyr/tC, ala/tC, HCO3 , 1999) . The DNP experiments observes a much faster and higher dynamic rise of DCA-induced PDH activation, which implies a large capacity for PDH to activate and accommodate a significant surge in energy demand at the beginning of a contraction cycle.
The DNP experiments also indicate that PDH activity appears to have a high control coefficient for directing pyr derived from lac, glycolysis, glycogenolysis, and ala toward oxidative metabolism via acetyl CoA formation. Once activated by DCA, PDH can shift the metabolic flux toward oxidative phosphorylation. As envisioned by the glycogen shunt theory (vide infra), any accumulated lac during aerobic muscle contraction can act quickly to buffer energy loss and react immediately with PDH to form acetyl CoA, a precursor for the TCA cycle and oxidative phosphorylation. Already, physiological studies on humans have observed a similar shift in the PDHa at the onset of contraction (Bangsbo et al., 2002; Howlett et al., 1999) . In the steady state, 13 C NMR and tracer studies have also observed lac as the precursor for the PDH and TCA (Bertocci et al., 1997; Bertocci and Lujan, 1999; Stanley et al., 1985; Stanley et al., 1986) .
PDH and TCA
Whether the activated PDH controls TCA and respiration still poses an open question.
Some researchers have noted that an enhanced PDHa leads directly to an increased oxidative phosphorylation and to a reduced lac formation (Howlett and Hogan, 2002) . In essence, PDHa controls respiration. Other researchers, however, have observed a delay in muscle O2
uptake at the onset of exercise and have postulated a controversial limitation in O2 utilization rather than in O2 supply (Grassi et al., 1998; Tschakovsy and Hughson, 1999) . They posit a metabolic inertia in PDHa, which has stirred up much controversy. Even though pulmonary VO2 measurement during muscle contraction has deconvoluted an initial slow phase followed by a rapid phase, 1 H NMR measurements of the intracellular VO2 based on the myoglobin signal do not detect any delay in oxygen consumption (VO2) or metabolic inertia (Chung et al., 2005; Whipp, 1994) . Other muscle studies have also found no delay in PDH activation and cannot discern any relationship between respiration and DCA activated PDH and rising TCA intermediates (Bangsbo et al., 2006; Bangsbo et al., 2002) .
The DNP experiments with [2-13 C]pyr also do not detect any kinetic delay or inertia in the step from pyr to acetyl CoA upon DCA activation. ALCAR forms immediately upon DCA activation, which reflects a rising acetyl CoA pool and a decreasing pyr level, maintained in part by the influx of hyperpolarized pyr and the LDH reaction. Given that DNP NMR could readily detect peaks with 1/10 of the ALCAR signal level observed in the DCA treated muscle, it would suggest that ALCAR concentration level has increased at least 10 times above the control level. A similar reasoning would suggest that glu and AcAc has increased at least 5 times above the control level. DCA activation of PDH elicits a sudden and a large flux from pyr into acetylCoA and does not appear consistent with any metabolic inertia.
The DNP observation appears consistent with findings reported for human muscle. In these studies, DCA infusion increases within 30 s ALCAR level 5.2 times from 2,500 to 13,000 μmol/kg dry muscle, while the acetyl CoA level rises correspondingly 4.1 times from 11 to 45 μmol/kg dry muscle (Bangsbo et al., 2002; Howlett et al., 1999) . However, the ALCAR/acetyl CoA ratio shifts modestly from 227 to 289. Given the previously reported constant ratio of ALCAR/acetyl CoA, the interpretation of the ALCAR signal observed in the DNP NMR would favor an increased flux into the acetyl CoA rather than a different chemical exchange with a significantly altered metabolite pools (Schroeder et al., 2013a; Schroeder et al., 2013b) .
With an increase in the acetyl CoA level during DCA activation, TCA intermediates should also rise as indicated by the AcAc and [5-13 C]glu signal. For AcAc, previous studies have shown that DCA increases the flux through -hydroxybutyrate dehydrogenase to produce a higher level of -hydroxybutyrate in skeletal muscle, consistent with an elevated AcAc level (Bock and Fleischer, 1975; Kark et al., 1970; Schneider et al., 1981) . Since -ketoglutarate dehydrogenase maintains glu and -ketoglutarate in near equilibrium, the nondetectable glu/tC signal in control muscle vs. a detectable glu/tC signal in DCA treated muscle also supports a rising level for TCA intermediates.
Yet, in the present experiments with resting muscle, the increase in glu and PDHa does not accompany any rise in oxygen consumption or ATP demand. DCA treated and control resting muscles still have the same energy requirements. Consequently, in the DNP experiments, the rate of glu production may not reflect accurately the TCA activity or O2 consumption, since any build-up in -ketoglutarate does not necessarily indicate a continuing flux towards succinate. Instead it could shuttle via the -ketoglutarate malate shuttle to the cytosol to produce glu (LaNoue et al., 1973; Lewandowski, 1992) . Nevertheless, DNP techniques present an opportunity to delineate the different fluxes at the onset of muscle contraction and the responses to a rapidly changing energy demand.
Metabolic Inertia, PDH, and VO2
At the onset of muscle contraction, the sudden surge in energy demand activates sharply PDHa (Bangsbo et al., 2002; Howlett et al., 1999) . Previous studies have shown that DCA increases the initial PDHa by a factor of 4 over control muscle PDHa. In the DNP experiments, the relative PDHa (as reflected in the rlacHCO 3immediately 37 times above the control level. Such a sharp rise in PDHa reflects the cell's capacity to adapt to a rapid change in energy demand and tends to militate against the notion of a metabolic impediment in PDHa, which would slow down O2 utilization.
Some researchers have argued that the VO2 measured by arterial-venous blood oxygen content and thermodilution do not differ in control vs. DCA treated muscle, despite the difference in the PDH activation kinetics. With that perspective, VO2 appears uncoupled with PDH activity (Bangsbo et al., 2006; Bangsbo et al., 2002) . However, the arterial-venous based measurements do not consider the role of myoglobin (Mb) at the onset of contraction.
Indeed, 1 H NMR measurements of intracellular Mb shows an immediate desaturation with a t1/2 = 24 s at the onset of contraction (Chung et al., 2005; Whipp, 1994) . Based on the Mb desaturation kinetics, the intracellular VO2 again shows no sign of delay and correlates with sudden and significant activation of PDH observed in the present DNP experiments. Further study, however, must explore the relationship.
Lactate Shuttle and Glycogen Shunt
Conventionally, glycogenolytic ATP generation during the transient mismatch between O2 dependent energy supply and demand rationalizes the increased production of lac A biochemical mechanism underlying the lac production under aerobic conditions has also emerged. Predicated on triggered 31 P NMR studies that show a rapid and significant millisecond consumption of ATP during a contraction cycle, Shulman and Rothman have proposed a glycogen shunt, which posits glycogen supplying the ATP needs in milliseconds and serving as a temporal energy buffer (Chung et al., 1998; Shulman and Rothman, 2001 ).
The limited supply of glycogen in the cell and the significant energy demand during a millisecond contraction cycle require dynamic glycogen replenishment during the relaxation phase, which can last for seconds. Otherwise, glycogen would deplete completely, and no sustained period of contraction can occur. But the glycogen shunt introduces an energy inefficiency even under aerobic conditions. In essence, lac accumulates during muscle contraction until the lac export equals net production. The accumulated lac can then serve as a precursor for acetyl CoA and oxidative ATP generation, which in turn fuels the dynamic restoration of the glycogen pool (Shulman, 2005) . Lac can also serve as a carbon precursor
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT for glyconeogenesis (Bonen et al., 1990; Johnson and Bagby, 1988; McDermott and Bonen, 1992; McLane and Holloszy, 1979) .
Both the intracellular lac shuttle and glycogen shunt models, however, require that muscle must mobilize and utilize rapidly lac and can convert it quickly to acetyl CoA for oxidative metabolism in the mitochondria. Indeed, the present DNP studies have established that muscle can rapidly mobilize and use lac. PDH poses no metabolic inertia and can compete readily with LDH to divert accumulated lac to acetyl CoA. As a consequence, the DNP experiment results provide support for a critical underpinning of both the glycogen shunt model and the intracellular lac shuttle hypothesis.
Perspective
The DNP study reaffirms that measuring simply the steady level of lac overlooks its dynamic role in maintaining homeostasis and belies the system's capacity to switch from net lac release to lac consumption in response to changing nutritive state, power output, duration of activity, and arterial lac concentration (Bergman et al., 1999; Brooks et al., 1998) . The dynamic nature of lac metabolism provokes a reconsideration of many key concepts in biology.
In particular, lac metabolism provides unique insight into the treatment of traumatic brain injury (TBI). TBI induces initially an acute rise in glucose level and cerebral metabolic rates of glucose (CMRG) followed by a more prolonged period of reduced CMRG and a marked decline in the CMRG/oxygen consumption (CMRO2) ratio (Brooks and Martin, 2014; Glenn et al., 2003; Glenn et al., 2015) . However, TBI does not suppress lactate metabolism.
The contrasting effect on glucose vs. lactate metabolism has led to bold ideas that take advantage of the lac shuttle mechanism to supply energy, which then bypasses the restriction in glycolytic flux and spares the consumption of limited glucose reserves. (Brooks and Martin, 2014; Glenn et al., 2003; Glenn et al., 2015) . Augmenting the TBI treatment with lac supplement has improved the recovery outcome.
Consequently, the present report provides many perspectives to reconsider the commonly accepted function of pyr, lac, and glycolytic end products, especially in organisms facing diurnal anaerobiosis and physiological challenges (Grieshaber et al., 1994; Kreutzer and Jue, 1997) .
4.
CONCLUSION
The present DNP NMR experiments have specifically aimed to test a key premise in both the intracellular lactate shuttle and glycogen shunt hypotheses, which require a rapid mobilization and metabolism of lactate during a muscle contraction cycle. If experiments cannot detect a rapid lactate dynamics, they would falsify the premise. According to Karl
Popper's theory of scientific discovery, these hypotheses will fail immediately.
However, the results cannot falsify the premise and appear consistent with the hypothesis that lac can serve as a transient energy buffer and as a precursor for mitochondrial LDH in muscle. Given the rapid kinetics of lac in muscle, further studies must now investigate the role in regulating metabolism. Indeed, the findings caution against an overly simplistic view of lac and other glycolytic end products as merely hypoxia biomarkers.
MATERIALS AND METHODS
Substrates and Polarization Procedure
HyperSense For the second study (N = 3), non-localized metabolic kinetics was measured using hyperpolarized [2-13 C]pyr (1.56 mmol/kg) before and 1 hr after DCA injection.
The hyperpolarized solutions were injected at a rate of 0.25 ml/s. DCA (200 mg/kg body weight dissolved in 30 g/ml of saline) was administered initially as a 0.5 ml bolus. The rest of the DCA was infused at a rate of 0.1 ml/3 min.
A custom-made 13 C surface coil (Øinner = 28 mm) was placed on top of right rectus femoris of each animal, which was placed inside a proton birdcage quadrature coil (Øinner = 70 mm). Each animal was anesthetized with 1-3 % isoflurane in oxygen (~1.5 l/min), and catheterized in the tail vein before placing on a clinical 3 T Signa ® MR scanner (GE Healthcare, Waukesha, WI, USA). Vital signs such as respiration, heart rate, and oxygen saturation were monitored throughout the experiment, and body temperature was maintained as ~37 o C using a warm water blanket. All procedures were approved by the local Institutional Animal Care and Use Committee.
NMR Protocols
After acquiring anatomical references using the 1 H birdcage coil, the homogeneity of the B0 field over the region of leg muscle was optimized by minimizing the line width of the unsuppressed water signal using the linear shim currents and a point-resolved spectroscopy sequence. The surface coil was used for the 13 C experiments. For the measurements of metabolic kinetics using the dynamic free induction decay (FID), the NMR signal acquisition reference, acquired using a 3D spoiled gradient echo sequence.
Data Processing
All 13 C data were processed using Matlab (Mathworks, Inc., Natick, MA, USA). After the k-space data of each time point from the FID dynamics were apodized by a Gaussian filter (5 Hz) and zero-filled by a factor of four in the spectral dimension, a fast Fourier transform (FFT) and zero th order phase correction were applied in the frequency domain.
Metabolites were quantified by integrating the respective peak in the absorption mode from time-averaged spectra (0-2 min), followed by normalization to total carbon signal, which is the sum of all the 13 C-labeled signals. For the display purpose, the baseline was subtracted from the time-averaged spectra as described in (Mayer et al., 2009 ).
Temporal change of each metabolite signal was estimated from the peak integrals of the time-resolved spectra using two parameters: , r. Time point () where the half-maximum of each metabolite signal was achieved was compared to assess the metabolite production rate. The production rate of each metabolite was also estimated from the mean slope of the first four time points (r) following its appearance in the dynamic curve by linearly fitting the metabolite signal, which is then normalized to the initial mean slope of the injected substrate (Schroeder et al., 2013a; Schroeder et al., 2013b) .
For CSI reconstruction, k-space data were apodized by a 30-Hz Gaussian filter and zero-filled by a factor of four spectrally. It was followed by an additional zero-padding by a factor of two in spatial dimension and a 4-D FFT in both spatial and spectral domains and gridding on to a Cartesian coordinate. For compensating the inhomogeneous coil sensitivity and substrate perfusion, metabolite-ratio images were obtained by normalizing the metabolite maps to the tC map. Voxels with low signal in the tC map (< 20 %) were masked. Metabolite ratios between products (e.g., ala/ HCO3 -, pyr/ HCO3 -, pyr/ala) were also obtained similarly.
To evaluate the statistical significance of DCA effects on metabolite levels, only the DCA-injected rats (three pre/post paired datasets per study) were compared using a paired Student's t-test in both metabolite ratios and dynamic analysis. All the values are reported as the mean ± standard error. Tables   Table 1  Dynamics of [1- 13 C]Lactate C]lac precursor: Skeletal muscle metabolite values reflect the average of all transients between 0-2 min normalized to the total integrated 13 C carbon signals between 0-2 min after a bolus injection of hyperpolarized [1-13 C]lac. The metabolite conversion rate (r) reflects the temporal change in the metabolite signal intensity relative to the kinetics of the lac signal. Time to half maximum characterizes the different conversion rates. N = 9 for control; N = 3 for DCA. C]pyr precursor: Skeletal muscle metabolite values reflect the average of all transients between 0-2 min normalized to the total integrated 13 C carbon signals between 0-2 min after a bolus injection of hyperpolarized [2-13 C]pyr. The metabolite conversion rate (r) reflects the temporal change in the metabolite signal intensity relative to the kinetics of the lac signal. Time to half maximum characterizes the different conversion rates. N = 3 for control; N = 3 for DCA. 
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